Abstract
. Introduction
sarcolemmal ion channels are altered in the Purkinje cells dispersed from the subendocardium of the infarct zone 21 Rapid ventricular arrhythmias after coronary artery (IZPCs) [3] . Further, we have shown that Ca transients occlusion in the canine heart arise from ectopic foci in cell aggregates from Purkinje tissues of normal LV (triggered or automatic) within the Purkinje fiber network subendocardium (NZPCs) consist of a membrane linked 21 located in the subendocardium of the infarct zone in the Ca transient* that occurs in response to an AP. This 21 21 left ventricle [2] . Spontaneously occurring arrhythmias initial Ca transient usually leads to a Ca transient** 21 predictably occur between 24 to 48 h after occlusion. We that propagates to the cell core (Fig. 1A) . Cell-wide Ca have previously shown that density and function of several waves that propagate along an aggregate*** occur spontaneously during the interstimulus interval ( Fig. 1B) and can give rise to nondriven electrical activity (*, **, *** we [1]). Since abnormal impulse initiation in the subendocar-2 . Methods dial Purkinje network is the cause of the infarction-related arrhythmias [2], we sought to determine whether elecHealthy male mongrel dogs (12-15 kg, 1-2 years old) 21 trically-evoked Ca transients and the incidence of were used in these studies. Under isoflurane anesthesia (30 21 spontaneous Ca waves are altered in IZPCs. mg / kg), myocardial infarction was produced by a two-step total occlusion of the left coronary artery using the Harris in fluorescence that accompanied transmembrane voltage procedure [4] . Forty-eight hours after occlusion, infarcted changes. hearts were used for the myocyte study [5] .
Aggregates of 2-6 Purkinje cells (NZPCs; width54169 2 .2. Fluorescence measurement-data acquisition and mm, length5202645 mm; IZPCs; width545612 mm, analysis length5202647 mm) were enzymatically dispersed from 21 the subendocardial Purkinje network of the normal (N5 The single wavelength Ca -sensitive dye, Fluo 3 was number of hearts58) or the infarcted canine LV (48 h) used for these experiments. Fluo 3 is excited at longer (N510) using previously described techniques [5] . Briefly, wavelengths and thus the light results in minimal UV small strips (43232 mm) of LV endocardium containing damage to the cells during prolonged experiments. For Purkinje fiber bundles were dissected from larger preparaimaging experiments, aggregates were allowed to settle tions removed from specific regions of the control and onto the glass bottom of the superfusion chamber and then infarcted hearts. Strips prepared from infarcted hearts were loaded with 4 mM Fluo-3AM (20 min). Aggregates were taken from subendocardium directly overlying the infarthen superfused for at least 15 min before measurements cted LV. After enzyme incubation and dispersion, viable were made. aggregates of NZPCs and IZPCs were routinely obtained.
For imaging, the light from a xenon lamp (485 nm) was Aggregates were used because we had observed in previpassed into the fluorescent port of an inverted Nikon ous experiments that normal Purkinje cell aggregates are microscope (203). The fluorescent light (at 525 nm) was spontaneously active (electrical) and generally single cells projected through a 520 nm barrier filter onto the surface are not [6] . Purkinje cell aggregates were studied in a of an image intensifier plate coupled to a CCD camera chamber on the stage of an epifluorescence microscope and (Higain Videoscope Camera, Technology International, superfused with normal Tyrodes solution (in mM): NaCl Washington, DC, USA fluorescence (F ) in specific regions of interest (ROIs) on were evoked by extracellular field stimulation [8] . In this the image was averaged for selected frames and divided by way, we could determine the spatial and temporal changes baseline fluorescence (F ) for that ROI. For presentation, three-dimensional (3D) fluorescence profiles were con-3 . Results structed with the aid of an interpolating smoothing algo-21 rithm (Matlab) using ratios (Figs. 1, 2A [5, 9] . Spontaneous cell-wide Ca waves often seemed to start spontaneously at one end of the aggregate (Fig. 1Ba ) either during the AP or during diastole and traveled as NZPCs (Table 1) as were time-to-peak and time-to-half 21 relaxation values. cell-wide Ca waves along the aggregate (Fig. 1Bb,c) . 21 21 It was striking that nonuniform Ca transients in paced Only 22% of the electrically-evoked Ca transients IZPCs occurred if small (,5 mm), spontaneously occurwere uniform in IZPC aggregates; in the other cases, an 21 21 electrically-evoked Ca transient consisted of an initial ring, low amplitude diastolic Ca waves preceded the 21 21 rise of Ca along the periphery of the aggregate. These stimuli. These micro Ca transients (denoted as mCa T in i 21
peripheral Ca transients varied spatially in magnitude figures) were extremely common in IZPCs and are illus- 21 21 ( Fig. 2A) and were followed by propagation of the Ca trated in Fig. 4A . Micro Ca transients (arrowheads) (Fig.  transient to the aggregate core only in some regions (e.g., 4A) propagated nonuniformly along the edge of the ROI 1, 2 Fig. 2) . Frequently, peripheral transients failed to aggregate and toward the cell core but never propagated propagate to the core (e.g., ROI 4, Fig. 2 ). This led to throughout the aggregate. A stimulus following micro 21 21 substantial spatiotemporal nonuniformity of local AP Ca transients (Fig. 4B ) resulted in nonuniform Ca 21 driven Ca transients in any one IZPC. transients with a reduction of the AP-induced response, 21 21 As a result, the average electrically-evoked Ca tranparticularly in regions where micro Ca transients had 21 sient in IZPCs was significantly smaller than that of occurred (e.g., ROI 4 in Fig. 4B ). Since micro Ca transients occurred randomly, electrically-evoked Ca transients varied considerably from beat-to-beat (Fig. 4B) . 21 21 IZPCs exhibited cell-wide Ca waves more often than NZPCs (70 versus 49% of the aggregates, respectively; 37% of the NZPCs were quiescent) but the average 21 amplitude of these Ca waves was significantly smaller than that of NZPCs and their propagation velocity (V ) prop was significantly lower than that in NZPCs (Table 2) . 21 The occurrence of cell-wide Ca waves (denoted as CW in figures) in IZPCs was strikingly coupled to the 21 spontaneous occurrence of micro Ca transients (Fig. 5) . For example, for all observations in 27 aggregates, a 21 cell-wide Ca wave was found to either originate in an 21 micro Ca wave rich area (15%) or was clearly preceded 21 by a micro Ca transient (70%) similar to events illustrated in Fig. 5B . However, as illustrated in Fig. 5B 21 21 electrically-evoked Ca transient.
.2. Spontaneous Ca waves initiate APs in Purkinje cell aggregates from normal and infarcted hearts
[Ca ] is denoted by both the color and height of the surface. White numbers indicate time of frame relative to t50 (Aa). The aggregate was stimulated just before t5900 ms (Ad). 21 Note the presence of micro Ca waves (arrowheads), which propagate over short distances (t50 to 467 ms) meandering from the right section of the aggregate toward the core. Subsequent stimulation causes nonuniform |24 000 frames of 46 NZPCs and 33 IZPCs was fivefold gates without a preceding cell-wide Ca wave and / or its higher in IZPCs than in NZPCs (Table 3) . Movies also accompanying depolarization. 21 revealed a higher frequency of cell-wide Ca waves in 21 21 IZPCs, while the probability that a cell-wide Ca wave 3 .3. Spontaneous Ca events at 35 8C would lead to an AP was similar (19.4% in NZPCs, 21% in IZPCs) (Table 3) .
In an additional set of experiments, we determined the 21 21 Both micro Ca transients and cell-wide Ca waves in effects of increasing the temperature from 25 to 35 8C on 21 IZPCs were accompanied by membrane depolarizations. the occurrence of spontaneous Ca events in nine NZPC The amplitude and time course of these depolarizations and five IZPC aggregates. In NZPCs (five of which 21 corresponded with both the duration and amplitude of showed micro Ca transients), this rise in temperature 21 21 Ca waves as well as their extent and number. In the increased the occurrence of micro Ca transients 1.9-fold IZPC of Fig. 6 (diastolic potential5287 mV) a large (from 0.24% of 7841 frames to 0.45% of 5643 frames, 21 membrane depolarization (17 mV) was secondary to a respectively) and that of cell-wide Ca waves 4.4-fold. 21 21 cell-wide Ca wave, which propagated half the length of However the incidence of micro Ca transients in NZPCs the aggregate. Less than 5 s later two spontaneous micro never reached that seen in the IZPCs (all of which showed 21 21 Ca transients appeared, propagated slowly (104-130 micro Ca transients: 1.2% of 3878 frames at 25 8C with mm / s) and terminated before colliding, while giving rise to a 1.4-fold increase to 1.8% of 3438 frames at 35 8C). The 21 a 7.5 mV depolarization. A few seconds later, a micro incidence of cell-wide Ca waves in IZPCs at 35 8C also 21 21 Ca transient occurred in the same aggregate and gave increased 1. terminated. This sequence produced a 4 mV depolarization portantly, the incidence of cell-wide Ca waves that gave 21 21 ( Fig. 6Bc) . Seconds later, a cell-wide Ca wave in the rise to AP-mediated synchronized Ca release similar to same aggregate caused a membrane depolarization large that depicted in Fig. 7B , increased dramatically at 35 8C in enough to initiate a non-driven AP. The sequence of both NZPCs (i.e., fourfold from 0.04 to 0.16%) and IZPCs images in Fig. 7A depict the time course of the cell-wide (ninefold from 0.05 to 0.47%). CaCl NaCa [18] . We show here that it is both the amplitude and spatial 21 extent of the Ca transient within an aggregate that determines membrane depolarization. Therefore, only large R eferences 21 Ca transients over a substantial extent of the cell are sufficient to trigger an AP. The increase in probability that bly plays an important role here, because of the accelera-
[2] Janse MJ, Wit Al. Electrophysiological mechanisms of ventricular arrhythmias resulting from myocardial ischemia and infarction.
tion of both the Na / K pump and the Na / Ca exchanger. 
